Background: Cadherin interactions with catenins are crucial for intercellular adhesion. Results: ␣E-catenin and vinculin cooperate to promote the time-dependent reinforcement of cadherin-mediated adhesions. Conclusion: ␣E-catenin and vinculin form a mechanoresponsive link between cadherin and the underlying actin cytoskeleton. Significance: The force-dependent modulation of ␣-catenin and vinculin recruitment contributes to the development of cadherin adhesion strength.
Maintaining cell cohesiveness within tissues requires that intercellular adhesions develop sufficient strength to support traction forces applied by myosin motors and by neighboring cells. Cadherins are transmembrane receptors that mediate intercellular adhesion. The cadherin cytoplasmic domain recruits several partners, including catenins and vinculin, at sites of cell-cell adhesion. Our study used force measurements to address the role of ␣E-catenin and vinculin in the regulation of the strength of E-cadherin-based adhesion. ␣E-catenin-deficient cells display only weak aggregation and fail to strengthen intercellular adhesion over time, a process rescued by the expression of ␣E-catenin or chimeric E-cadherin⅐␣E-catenins, including a chimera lacking the ␣E-catenin dimerization domain. Interestingly, an ␣E-catenin mutant lacking the modulation and actin-binding domains restores cadherin-dependent cell-cell contacts but cannot strengthen intercellular adhesion. The expression of ␣E-catenin mutated in its vinculin-binding site is defective in its ability to rescue cadherin-based adhesion strength in cells lacking ␣E-catenin. Vinculin depletion or the overexpression of the ␣E-catenin modulation domain strongly decreases E-cadherin-mediated adhesion strength. This supports the notion that both molecules are required for intercellular contact maturation. Furthermore, stretching of cell doublets increases vinculin recruitment and ␣18 anti-␣E-catenin conformational epitope immunostaining at cell-cell contacts. Taken together, our results indicate that ␣E-catenin and vinculin cooperatively support intercellular adhesion strengthening, probably via a mechanoresponsive link between the E-cadherin⅐␤-catenin complexes and the underlying actin cytoskeleton.
Cellular adhesion is one of the crucial processes governing cell behavior and morphogenesis (1, 2) . Cadherins are transmembrane receptors that mediate homophilic intercellular adhesion via their extracellular domain and recruit protein partners at their cytoplasmic domain. They bridge the intracellular actin cytoskeleton with the surface of neighboring cells, thereby contributing to mechanical coupling between cells within a monolayer. This allows cells to sense and react to external forces and regulate adhesion strength (3) (4) (5) (6) .
Recent work has outlined that cadherin adhesions transmit forces (7) and are themselves regulated in a force-dependent manner (5) . Indeed, the recruitment of cadherin-associated complexes, as well as of actin filaments in adhesion plaques, is dependent both on the external forces applied to the contact and on the activity of myosin II. Cadherin-based adhesion strength has been quantified in terms of separation force measurements by the dual pipette assay, which shows that adhesion strength enhances with time (6, 8) and requires both a cadherin-actin cytoskeleton connection and actomyosin contractility. Several catenins, including p120-catenin, ␤-catenin, and ␣-catenin, are recruited at sites of cadherin-based adhesion, where they are required for cadherin anchoring to the cytoskeleton and for the development of adherens junctions (AJs) 5 (for a review, see Ref. 9 ).
Cells expressing chimeric cadherin, where the cytoplasmic domain has been replaced by the full-length ␣E-catenin, exhibit significant intercellular adhesion strength (6, 10) ; this presents an argument for the critical role of ␣E-catenin in the connection of cadherin to F-actin during the strengthening of intercellular adhesions.
␣E-catenin is an actin-binding protein that can interact with numerous partners (11) . It carries a homodimerization site within the vinculin homology 1 (VH1) domain that overlaps with the binding site for ␤-catenin, ajuba, and spectrin. The VH2 domain contains a binding site for ␣-actinin, formin, afadin, and vinculin. In particular, vinculin binds to the first half of the VH2 domain (VH2a) of ␣E-catenin within amino acids (aa) 327-402 (12) (13) (14) , allowing the formation of ␣2-Vinc2 heterotetramers in vitro through a second ␣E-catenin dimerization motif located in this region (13, 14) . The second half of the VH2 domain (VH2b) carries an adhesion modulation domain located between aa 510 and 633 (15, 16) , whereas the VH3 domain carries overlapping binding sites for F-actin, ZO-1, and eplin. Eplin (17) (18) (19) and formin (20) have been suggested to promote indirect links between cadherin and actin.
An initially proposed model for cadherin-mediated adhesion involved a direct physical link between cadherins and the actin cytoskeleton through a tripartite complex comprising the cytoplasmic tail of cadherin, ␤-catenin, and ␣-catenin, which is recruited by ␤-catenin to bind to actin filaments. More recently, however, this role of ␣-catenin in the direct binding of cadherin⅐catenin complexes to actin has been called into question, with reconstituted in vitro systems outlining the inability of ␣-catenin to bind ␤-catenin and actin simultaneously (21) . Instead, it has been suggested that an increased concentration of monomeric ␣-catenin at adhesion sites promotes the formation of soluble ␣-catenin dimers acting as bundling agents for F-actin, inhibitors of the ARP2/3 complex (22) . This results in modulation of the actin cytoskeletal structure and dynamics in the vicinity of the cadherin tail. However, this cannot explain the observed anchoring of cadherin⅐catenin complexes to actin filaments (23) (24) (25) .
More recent studies implicate vinculin in the anchoring of cadherin⅐catenin complexes to actin (26, 27) . Vinculin is a component of integrin-associated complexes (28) and plays a role in mechanotransduction at focal adhesions (29) . Vinculin is also found at AJs (30) and acts as a binding partner for ␣-catenin in mature cadherin-based AJs (31, 32) . The vinculin head binds to the VH2a domain of ␣E-catenin, probably in response to conformational changes in both vinculin and ␣E-catenin; this, in turn, leads to the formation of a putative heterotetramer where both vinculin and ␣E-catenin C-terminal domains can bind F-actin with high affinity (13, 14) . Structural and biochemical analysis of the VH2 domain suggests a possible conformational change in the ␣E-catenin VH2 domain from a closed to an open conformation, where the VH2b domain unfurls from the VH2a domain, thereby unmasking the vinculin binding domain (33, 34) . This conformational change of ␣E-catenin, controlled by a force-dependent mechanism, may be responsible for myosin II-dependent recruitment of vinculin in mature AJs (4, 12, 26, 27) . These data suggest that ␣E-catenin and vinculin may be part of the tension transducer that allows the strengthening of AJs, although the involvement of this process in the regulation of cadherin adhesion strength has never been demonstrated.
To address the functional role of ␣E-catenin and vinculin in the regulation of cadherin-based adhesion strength, we used cell lines expressing E-cadherin at their surface and manipulated the levels of ␣-catenin or vinculin or expressed ␣-catenin mutants in these cells. We measured and compared the force required to separate a cell doublet (separation force (SF)) using the dual pipette assay. Our data indicate that ␣E-catenin and vinculin cooperate to promote the time-dependent reinforcement of cadherin-mediated adhesions by forming a mechanoresponsive link between cadherin and the underlying actin cytoskeleton.
EXPERIMENTAL PROCEDURES
Cell Lines and Transfectants-Ecad and EcadGFP cells are S180 cells stably transfected to express chicken E-cadherin and mouse E-cadherin⅐GFP, respectively (6, 35) . These S180 transfectants express a functional cadherin⅐catenin complex. DLD-1-R2/7 variants are invasive non-epithelioid carcinoma cell lines expressing E-cadherin but not ␣E-catenin or ␣N-catenin (36) . These cells were transiently transfected, as described previously (6, 8) .
Cell Cultures and Knockdown Experiments-S180 transfectants were maintained in DMEM with 10% FCS (Lonza, Verviers, Belgium). DLD-1-R2/7 cells were maintained in the same culture medium, with an additional 10% NCS (Sigma). Confluent cultures were routinely passaged by treatment with 0.05% trypsin ϩ 0.02% EDTA (Invitrogen). For SF measurements, cell dissociation was performed in TC buffer (0.01% trypsin ϩ 10 mM calcium), as described previously (6) . Cells were transferred in working medium (CO 2 -independent medium; Invitrogen) and used immediately. For aggregation assays, cell monolayers were dissociated using cell dissociation buffer (enzyme-free; Invitrogen), as described previously (37) . Knockdown experiments were performed using siRNA transfection with HiPerfect reagent (Qiagen, Courtaboeuf, France), according to the manufacturer's guidelines. Cadherin expression was analyzed by flow cytometry with a specific antibody directed against the extracellular domain.
Antibodies and Reagents-The ECCD-2 mAb directed against E-cadherin and 7F9 mAb directed against vinculin were from Takara Biomedicals (Shiga, Japan) and Millipore (Billerica, MA), respectively. The mAb, which recognizes the chicken E-cadherin and was developed by W. Gallin, was obtained from the Hybridoma Bank (Iowa City, IA). The rabbit polyclonal antibody directed against the extracellular domain of chicken E-cadherin has been described elsewhere (38) . The mAbs directed against ␤-catenin and p120ctn as well as secondary antibodies conjugated to HRP were obtained from BD Biosciences. The mAbs directed against ␣-catenin and ␣-tubulin (clone DM 1A) were obtained from Sigma-Aldrich. The mAb directed against ␣E-catenin was purchased from Abcam (Cambridge, UK). The mAb (␣18) antibody against ␣E-catenin was a generous gift of Dr. A. Nagafuchi (39) . Secondary antibodies coupled to phycoerythrin and the anti-human FC antibodies were from Interchim (Asnières, France). Fluorescently (Alexa-488, -555, and -647) coupled secondary antibodies and phalloidin were purchased from Invitrogen. The human Ecad-Fc chimera was from R&D Systems. Polylysine solution was from Sigma. The pEcadGFP and pE␣MC were a generous gift of M. Ozawa (10) . The ON-TARGETplus TM SMARTpool siRNAs for ctnna1 and vinculin (Vcl) and the siGLO RISC-Free and non-targeting control (Ctrl) siRNA were purchased from Dharmacon RNA Technologies (Perbio Sciences, Brebière, France).
Chimeric Cadherin Constructs-The construct encoding the wild type (WT) ␣E-catenin fused to GFP at the C terminus (␣EcatGFP(c)) and carrying an HA tag epitope at the N terminus was kindly provided by A. Bershadsky (Weismann Institute, Rehovot, Israel). The plasmid encoding the WT E-cadherin fused to GFP at the C terminus (EcadGFP) and pE␣MC were kindly provided by M. Ozawa (10, 40) . The pE␣MC encodes an E-cadherin⅐␣MCE-catenin chimeric protein lacking the C-terminal catenin-binding domain fused in frame with the aa 301-906 sequence of ␣E-catenin (E␣MC). The construct encoding the chimeric E-cadherin⅐␣E-catenin⅐GFP (Ecad␣EcatGFP) was obtained by in-frame cloning the ␣EcatGFP sequence downstream of the E-cadherin transmembrane domain (Ecad␣EcatGFP). Briefly, a PCR product for the ␣EcatGFP sequence carrying an RsrII site at the 3Ј-and 5Ј-extremities was amplified from p␣EcatGFP with 5Ј-gacgcggaccgttattacttgtacagctcgtccat-3Ј and 5Ј-cttctcggtccgatggcttctagctatccttatga-3Ј primers. The PCR product was digested by RsrII, purified using the Nucleospin Extract II kit (Macherey Nagel, Düren, Germany), and ligated into the corresponding site of pEcad⌬cyto (6) . The integrity of the construct was verified by restriction enzyme digestion and analysis of the DNA sequence. A schematic representation of the chimeric cadherins used is shown in Fig. 1A .
␣E-catenin Mutant Constructs-GFP-tagged ␣E-catenin mutant constructs aa1-510, aa1-670, and aa491-660 were derived from a full-length mouse ␣E-catenin fused to GFP at its N terminus (␣EcatGFP) in the pEGFC2 vector (41) . The aa1-670 construct was obtained by excising a BamHI (position site 2300 in the ␣E-catenin cDNA sequence)-BamHI (multiple cloning site) fragment. The construct aa1-510 was obtained by subcloning the fragment XmaI (multiple cloning site)-XmaI (position site 2049 in the ␣E-catenin cDNA sequence) in a new pEG-FPC2 vector. The aa491-660 construct was obtained by cloning into pEGFPC2 between EcoRI and BamHI sites a PCR fragment amplified from the mouse GFP-␣E-catenin chimeric cDNA as a template, using the following primers: 5Ј-tatagaattcaagcaagtccgtgttctcacagatgctgttgatgac-3Ј and 5Ј-tataggatccttgtctggacactggtcctgcttctgacatcaaagt-3Ј. All constructs were validated by DNA sequencing. The plasmid encoding the E␣catmutVincGFP mutant was derived from the plasmid encoding the full-length WT mouse ␣E-catenin fused to GFP at the N terminus in the pEGFC2 vector (41) , in which a unique KpnI site was introduced in the ␣E-catenin coding sequence at position 799 (between the aa 273 codon and the aa 274 codon) and a unique ApaI site at position 2200 (between the aa 734 codon and the aa 735 codon). Then the central KpnI-ApaI fragment of the WT ␣E-catenin sequence was replaced by digestion and religation by the corresponding mutated DNA segment obtained by direct gene synthesis (Proteogenix SAS, Oberhausbergen, France). In the mutated DNA, the basic and acidic aa were replaced by acidic and basic aa, respectively, as follows: R326D, D328R, R332D, E336K, N338D, R341D, Q345E, D346R, E350K, N354D, and K358E. The final construction was checked by restriction mapping and by complete sequencing. The schematic representation of the chimeric ␣E-catenin and mutants are shown in Fig. 1B .
Preparation of Adhesion Substrate and Cell Spreading AssaysPlasma-treated glass coverslips were coated overnight with antihuman Fc antibody at 9 g/cm 2 , rinsed, and incubated with human Ecad-Fc chimera at 4 g/cm 2 , as described previously (42) . Immunofluorescence Microscopy-Samples were fixed in 4% paraformaldehyde in PBS ϩ Ca 2ϩ /Mg 2ϩ (PBSϩ) or in cold methanol. For detection of vinculin and ␣18 epitope, cells were fixed in the presence of Triton (1% paraformaldehyde ϩ 0.5% Triton X-100 in PBSϩ) for 3 min, rinsed, and then fixed for 10 min in 1% paraformaldehyde. Immunodetection was performed as described previously (6) . Cells were viewed by an epifluorescent (DM6000, Leica Microsystems, Wetzlar, Germany) or inverted confocal microscope (Eclipse Ti, Nikon, Tokyo, Japan). Cadherin expression was analyzed on living cells or fixed cells by flow cytometry, as described previously (8) . Total internal reflection fluorescence microscopy analysis was performed on an Eclipse TE2000 inverted microscope (Nikon).
Cell Sorting, Preparation of Cell Extracts, Co-immunoprecipitation, and Immunoblotting-The characterization of ␣E-catenin mutants was performed by GST pull-down, co-immunoprecipitation, and Western blot analysis using lysates from transfected DLD-1-R2/7 cells with anti-␤-catenin antibody, as described previously (12) . DLD-1-R2/7 cells were transiently transfected to express GFP-tagged ␣E-catenin and its mutants, GFP-tagged E-cadherin or chimeric cadherins (Ecad␣EcatGFP or E␣MC (where cells were co-transfected with plasmid encoding GFP in a 1:10 ratio to that of plasmid encoding E␣MC)) and dissociated with cell dissociation buffer. GFP ϩ cells were sorted using FacsVantage Diva (BD Biosciences), and cells were extracted with Laemmli 1ϫ buffer (BioRad), boiled for 5 min, and analyzed on SDS-PAGE. After the transfer, membranes were incubated with Ponceau Red. West-FIGURE 1. Schematic representation of chimeric E-cadherins, ␣E-catenin, and its mutants. A, schematic representation of chimeric cadherins: E-cadherin fused to GFP (EcadGFP), E-cadherin fused after its transmembrane domain with WT ␣E-catenin (Ecad␣EcatGFP), or E-cadherin fused after its p120ctn binding site with an ␣E-catenin lacking the VH1 domain (E␣MC). B, schematic representation of the WT ␣E-catenin fused to GFP at either the N or C terminus (␣EcatGFP and ␣EcatGFP(c), respectively) and the respective GFP mutants, with GFP located at the N terminus. FEBRUARY 15, 2013 • VOLUME 288 • NUMBER 7
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ern blot analysis was performed (8) using SuperSignal West Pico Chemoluminescent for detection (Thermo Scientific). The extraction of cell monolayers was performed as described previously (8) . Quantitative analysis was done on two independent experiments using the ImageJ software (National Institutes of Health, Bethesda, MD). The ␣-tubulin content was used to normalize for the protein content. We calculated the total levels of ␤-catenin, p120, or vinculin in cells expressing mutant catenins or chimeric cadherins as compared with cells transfected with ␣EcatGFP or EcadGFP, respectively. (In cells, the levels of proteins were considered as 100%.)
Doublet Stretching-Ecad cell doublets were deposited on silicon substrates (Poly-Di-Methyl-Siloxane (PDMS) and Gel-Pak PF-60-X4, thickness 150 m, Teltek (Sonora, CA)) micropatterned with polylysine-coated parallel lines (10-m width) and incubated at 37°C for 20 min. The substrates were stretched using a manual uniaxial stretcher combined with micropatterning, as described previously (43) . This method fixes the orientation of the force field exerted perpendicular to the cell-cell contact. We increased the original length of the substrate by 20% for 2 min. After 2 min of stretching, doublets were immediately fixed, and the silicon substrates were removed from the stretcher. Four independent experiments were performed. Samples were immunostained with vinculin, E-cadherin, and ␣18 epitope antibodies, mounted with Immumount medium (Thermo Shandon, Pittsburgh, PA), and analyzed by confocal microscopy. The ratio of intensities (expressed in arbitrary units) between vinculin and Ecad or ␣18 and Ecad was calculated using ImageJ software at the cell-cell contact area from compilation of the three-dimensional stack of confocal images. We compared 11 non-stretched and 16 stretched doublets.
Measurement of Separation Forces between Cells-We used the dual pipette assay as described previously (6) . Briefly, cells were brought into contact with two micropipettes at 37°C, each held by a micromanipulator connected to a combined hydraulicpneumatic system and a pressure sensor. The pipettes were then moved apart to detach the adherent cells. If a doublet was pulled intact from the left pipette, it was moved back to the orifice of that pipette, and the degree of aspiration was then increased. The cycle was repeated until the nth cycle, at which the cells separated. Aspiration values recorded for the last two cycles (P n Ϫ 1 and P n ) were used to calculate the SF for each doublet using the equation 
RESULTS
The Strengthening of E-cadherin-based Adhesion Is Rescued by the Expression of ␣E-catenin Constructs in ␣E-catenin-defec-
tive Cells-We used the DLD-1-R2/7 cells and the dual pipette assay to quantitatively evaluate the contribution of ␣E-catenin to adhesion strength. This assay, originally developed by Prof. S. Chien and co-workers (44), has been modified to determine the force required to separate adherent cells (SF), and several studies have been published demonstrating the validity of these SF measurements to quantify adhesion strength (45) and analyze the molecular mechanisms involved in cadherin adhesion strengthening (6, 8, 46 -48) .
DLD-1-R2/7 cells expressed significant levels of E-cadherin at their surface ( Fig. 2A) and expressed ␤-catenin, vinculin, and p120ctn (32, 36) (data not shown). The absence of ␣E-catenin in these cells did not impede the initiation of cadherin-driven intercellular adhesion, as revealed by the formation of cell aggregates in suspension (Fig. 2B) . However, these aggregates were easily dissociated in single cells by pipetting (Fig. 2C) , indicating that cadherin adhesions lack strength. ␣E-catenin-depleted cell doublets exhibited a detectable but low SF at 4 min of contact (Fig. 2D, left) that was severely reduced compared with the classical E-cadherin-based adhesion strength (6) . The expression of WT ␣E-catenin fused to GFP at the C terminus (␣EcatGFP(c)), but not of GFP alone, increased the SF significantly at 4 min of contact (Fig. 2D, left) . After 30 min of contact, DLD-1-R2/7 cells exhibited a small increase in the SF (Fig. 2D,   FIGURE 2 . DLD-1-R2/7 aggregation properties and determination of the separation force in ␣E-catenin-depleted cells and transfectants. A, flow cytometry analysis of cell surface E-cadherin expression levels in isolated DLD-1-R2/7 cells before commencement of the aggregation assay. B, morphology of the DLD-1-R2/7 aggregates after 120 min in the suspension shaker assay. C, disruption of the DLD-1-R2/7 aggregates in single cells by a gentle pipetting indicates that these aggregates exhibit a low cohesiveness between cells. D, mean SF measured at 4 min (left) and 30 min (right) of contact for DLD-1-R2/7 cells and for DLD-1-R2/7 transfectants expressing GFP alone, ␣EcatGFP(c) (C-terminal tagged GFP), EcadGFP cadherin, and chimeric cadherins (Ecad␣EcatGFP or E␣MC) (See Fig. 1) . High E-cadherin-based adhesion strength was rescued by the expression of full-length ␣E-catenin and chimeric E-cadherin⅐␣E-catenin but not by the expression of GFP alone or E-cadherin⅐GFP. E, Western blot analysis of lysates of flow cytometry-sorted GFP ϩ DLD-1-R2/7 cells transfected to express EcadGFP or Ecad␣EcatGFP or to co-express E␣MC and GFP (see "Experimental Procedures"). The ␣-tubulin content was used to normalize for the protein content. Black and gray asterisks in the left panel correspond to the statistical analysis of the SF value compared with those of untransfected DLD-1-R2/7 or transfected to express EcadGFP, respectively. ***, p Ͻ 0.001; **, p Ͻ 0.01; *, p Ͻ 0.05 (two-tailed). Scale bar (B), 30 m. Error bars, S.E.
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We expressed various E-cadherin⅐␣E-catenin chimeric proteins (Fig. 1A) to compare the effect of soluble ␣E-catenin and membrane-targeted ␣E-catenin. E-cadherin⅐␣E-catenin⅐GFP (Ecad␣EcatGFP) targeted at sites of cadherin adhesions and E-cadherin⅐␣MCE-catenin (E␣MC), which lacks the dimerization domain, promoted a strong SF at 4 min of contact (Fig. 2D,  left) ; this is similar to the SF that was observed with ␣E-catenin⅐GFP. The expression of Ecad␣EcatGFP induced a significant increase in the SF with time (Fig. 2D, right) .
As these chimeric cadherins increased the level of E-cadherin at the cell surface, we analyzed the consequence of E-cadherin⅐GFP (EcadGFP) overexpression and showed that it only produced a small increase in the SF of DLD-1-R2/7 cells (Fig. 2D ) at 4 min of contact. This indicates that the strong increase in SF induced by the chimeric cadherins is mostly due to the presence of the ␣E-catenin sequence in the cytoplasmic domain of these cadherins.
Next, we checked if the expression of exogenous E-cadherin and chimeric cadherins in DLD-1-R2/7 cells affected the endogenous levels of ␤-catenin and p120ctn (p120) (Fig. 2E) . Transfected DLD-1-R2/7 cells were sorted based on their GFP positivity (see "Experimental Procedures"), extracted, and analyzed by Western blotting. We found that DLD-1-R2/7 cells expressing Ecad␣EcatGFP or E␣MC (GFP ϩ ; see "Experimental Procedures") exhibited 112 Ϯ 43 and 117 Ϯ 44% of ␤-catenin, 130 Ϯ 10 and 95 Ϯ 25% of p120, and 75 Ϯ 6 and 79 Ϯ 4% of vinculin contents, respectively, compared with cells expressing EcadGFP (set as 100% levels; Fig. 2E ). In another set of experiments, we used DLD-1-R2/7 cells expressing GFP alone as a control. We found that DLD-1-R2/7 cells expressing EcadGFP exhibited a 1.4-fold increase in ␤-catenin and p120 contents as compared with control cells. This indicates that the expression of endogenous ␤-catenin and p120 is increased in DLD-1-R2/7 cells expressing exogenous cadherins and is increased slightly more in DLD-1-R2/7 cells expressing chimeric E-cadherin⅐␣E-catenins than in those expressing WT E-cadherin (Fig. 2E) .
Together these results indicate that the high E-cadherinbased adhesion strength of ␣E-catenin-depleted cells is recovered by the expression of WT ␣E-catenin and membrane-targeted E-cadherin⅐␣E-catenin proteins.
Effects of ␣E-catenin Deletion Mutants on Cadherin Adhesion
Phenotype-To further analyze the mechanisms of ␣E-catenindependent rescue of cadherin-based adhesion, we prepared various ␣E-catenin⅐GFP-deleted constructs (see "Experimental Procedures"). We first assessed the capability of these deletion mutants to interact with ␤-catenin, which recruits ␣E-catenin at cadherin-based adhesions. DLD-1R2/7 cells were transfected with the plasmids encoding GFP alone or the N terminus of the GFP-tagged WT ␣E-catenin (␣EcatGFP) and the aa491-660 ␣EcatGFP, aa1-510 ␣EcatGFP, or aa1-670 ␣EcatGFP mutants. Cell lysates were incubated with anti-␤-catenin, and immunoprecipitates were analyzed by Western blotting with an anti-GFP (Fig. 3A) . The GFP and the ␣E-catenin modulation domain (aa491-660 ␣EcatGFP mutant) did not co-precipitate with ␤-catenin, in contrast to other ␣E-catenin mutants, which carry the ␤-catenin binding site located in their VH1 domain.
We next analyzed the potential of the ␣E-catenin mutants to rescue the phenotype of a normal cadherin intercellular adhesion in DLD-1-R2/7 cells. As expected, GFP-transfected cells did not form cell-cell contacts in a monolayer (Fig. 3B, left  panel) , and both ␤-catenin and E-cadherin remained uniformly distributed at the plasma membrane. In contrast, cells transfected with a WT ␣E-catenin construct fused to GFP at its N terminus formed extensive cell contacts and recruited ␤-catenin (Fig. 3B, right panels) and E-cadherin (data not shown) to their boundaries. The expression of a ␣E-catenin (aa1-510) mutant, lacking both the actin binding and modulation domains, also restored normal cell-cell contacts that were indistinguishable from those formed in cells transfected with WT ␣E-catenin (Fig. 3B, middle left panels) . Interestingly, the slightly longer mutant (aa1-670), lacking only the actin-binding domain but containing the modulation domain, restored neither DLD-1-R2/7 intercellular contacts nor recruitment of ␤-catenin (Fig. 3B, middle right panels) . To characterize the rescue of cadherin-based adhesion by these two mutants, we evaluated their potency to induce ␣E-catenin-depleted cell spreading on Ecad-Fc-coated surfaces and form cadherin-mediated adhesions (49) (Fig. 3C and Table 1 ). As expected, DLD-1-R2/7 cells did not undergo spreading on Ecad-Fc, whereas, when expressing WT ␣E-catenin, they showed extensive spreading and formed classical radial cadherin adhesions ( Fig.  3C and Table 1 ) similar to those described previously (50) . However, whereas the ␣E-catenin (aa1-510) mutant restored spreading and promoted the formation of cadherin adhesions on Ecad-Fc, the ␣E-catenin (aa1-670) mutant did not restore any of these phenotypes. Very similar results were observed on Ncad-Fc-coated surfaces when ␣E-catenin-depleted cells were co-transfected with these mutants and the N-cadherin⅐RFP construct (data not shown). These results indicate that a lack of the actin-binding domain does not interfere with the ability of the ␣E-catenin mutant to contribute to the formation of cadherin-mediated intercellular contacts and cadherin adhesion formation, whereas the presence of the VH2b modulation domain in the mutant impedes this process.
Effects of ␣E-catenin Deletion Mutants on Vinculin Recruitment at Cell-Cell Contacts and Adhesion
Strength-Vinculin is a partner of ␣E-catenin and is recruited during cadherin-based adhesion. It binds to the VH2a domain; this process is negatively regulated when ␣E-catenin is in its closed conformation by interaction with the modulation domain (33, 34) .
We searched for the presence of vinculin and ␣18 antibody immunoreactivity at cell-cell contacts restored by the expression of WT ␣E-catenin and mutant forms in DLD-1-R2/7 cells. ␣18 antibody has been described as recognizing an epitope close to the vinculin binding site that is putatively unmasked upon the conformational change of ␣E-catenin when VH2a and VH2b cease to interact (12) . Cells transfected with WT ␣E-catenin⅐GFP displayed vinculin and weak ␣18 staining at cell-cell contacts (Fig. 4A, top panels) . Interestingly, when transfected to express the ␣E-catenin (aa1-510) mutant, these cells exhibited an increased vinculin and ␣18 staining at cell-cell contacts (Fig. 4A, middle FEBRUARY 15, 2013 • VOLUME 288 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 4961 panels). We quantified the fluorescence intensity ratio of GFP, vinculin, and ␣18 epitope stainings at cell-cell contacts of DLD-1-R2/7 expressing WT ␣E-catenin⅐GFP and ␣E-catenin (aa1-510) mutant (Fig. 4B) . We observed much higher vinculin/␣EcatGFP and ␣18/␣EcatGFP staining intensity ratios in cells expressing the ␣E-catenin (aa1-510) mutant as compared with those expressing WT ␣E-catenin.
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These results suggest that the ␣E-catenin (aa1-510) mutant can induce the recruitment of vinculin at cadherin-mediated cell-cell contacts due to its unmasked central binding site, a process contributing to the rescue of DLD-1 R2/7 intercellular contact and cadherin adhesions formation. Together, these experiments show that ␣E-catenin is necessary and sufficient in these cells for the recruitment of vinculin at cell-cell contacts. A, characterization of ␣E-catenin mutants for their capacity to bind to ␤-catenin. Cell lysates of transfected DLD-1-R2/7 cells expressing GFP alone, the ␣E-catenin mutants (aa491-660 ␣EcatGFP, aa1-510 ␣EcatGFP, and aa1-670 ␣EcatGFP), or ␣EcatGFP were immunoprecipitated (IP) with an anti-␤-catenin antibody and analyzed by Western blot with an anti-GFP antibody (right). The arrows indicate the position of the band corresponding to GFP-tagged ␣E-catenin and the mutants that co-precipitate with ␤-catenin. Note that GFP alone and the ␣E-catenin mutant corresponding to the modulation domain (aa491-660 ␣EcatGFP) do not co-precipitate with ␤-catenin. The corresponding cell lysate inputs are presented in the left panel. B, localization of GFP (top panels) and ␤-catenin (bottom panels) in DLD-1-R2/7 cells transiently transfected with plasmids encoding GFP alone, ␣EcatGFP, and aa1-510 or aa1-670 ␣EcatGFP mutant. GFP-transfected and non-transfected cells did not form cell-cell contacts. However, cells transfected with a ␣EcatGFP construct readily formed cell contacts and recruited ␤-catenin at their boundaries. Cells transfected with the aa1-510 ␣EcatGFP mutant were indistinguishable from ␣EcatGFP-transfected cells. Surprisingly, the slightly longer mutant (aa1-670) restored neither cell contact formation nor the recruitment of ␤-catenin. C, localization of GFP (top panels) and ␤-catenin (bottom panels) in transiently transfected cells to express ␣EcatGFP, aa1-510 ␣EcatGFP, or aa1-670 ␣EcatGFP mutant and GFP after spreading for 16 h on Ecad-Fc-coated surfaces. Scale bar, 10 m. 
This recruitment does not require the presence of the C-terminal actin-binding domain of ␣E-catenin but is impaired by the adhesion modulation domain. The ␣E-catenin (aa1-510) mutant could not rescue a strong SF at 4 min of contact in ␣E-catenin-depleted cells (Fig. 4C) ; the measured values are not statistically different from the SF obtained for cells expressing GFP alone (Fig. 2D ) but they are 3-fold lower than the SF of cells expressing ␣EcatGFP or ␣EcatGFP(c) (Fig. 2D) . A similar observation was made after 10 min of contact with an SF of 5.9 Ϯ 0.2 and 32.2 Ϯ 8.6 nanonewtons measured for cells expressing ␣E-catenin (aa1-510) mutant and WT ␣E-catenin, respectively; this result indicates that the aa1-510 mutant cannot promote a strong intercellular adhesion or restore normal cadherin adhesion strengthening over time, although it permits vinculin recruitment at cell-cell contacts. These results thus indicate a specific requirement for the ␣E-catenin C-terminal domain for the development of normal E-cadherin adhesion strength. Overall, our data indicate that strengthening of cadherin adhesions require both the availability of the central vinculin-binding domain and the presence of the C-terminal domain of ␣E-catenin.
␣E-catenin Mutant Carrying Mutations in the Vinculin Binding Site Is Defective in Rescuing Cadherin Adhesion
Strength-To further support the hypothesis that the ␣E-catenin⅐vinculin interaction is required for the production of high adhesion strength, we prepared a ␣E-catenin mutant with mutations into the vinculin-binding site (␣EcatmutVincGFP; Fig. 1B ) by exchanging positively charged aa residues with negatively charged ones and vice versa at 12 positions between aa 326 and 348. DLD-1-R2/7 cells transfected to express this mutant displayed a positive staining for vinculin at cell-cell contacts, indicating that this ␣E-catenin mutant was still able to interact with vinculin. Staining with ␣18 antibody was detected at intercellular adhesions (Fig. 4A, bottom panels) . We quantified the fluorescence intensity ratio of GFP, vinculin, and ␣18 epitope staining at the cell-cell contacts of DLD-1-R2/7 cells expressing WT ␣E-catenin, ␣E-catenin (aa1-510), or ␣EcatmutVincGFP mutants (Fig. 4B) . We observed similar vinculin/␣EcatGFP staining intensity ratios in cells expressing WT ␣E-catenin or ␣EcatmutVinc mutant but a much higher ratio in cells expressing the ␣E-catenin (aa1-510) mutant (Fig. 4B) . The ␣18/␣EcatGFP intensity ratios were FEBRUARY 15, 2013 • VOLUME 288 • NUMBER 7
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similar for cells expressing ␣EcatmutVinc or ␣E-catenin (aa1-510) mutant but much lower in cells expressing WT ␣E-catenin (Fig. 4B ). This suggests that the mutations introduced in the ␣EcatmutVincGFP mutant may alter the closed conformation by modifying the interaction between the modulation domain (VH2b) and the vinculin-binding domain (VH2a) rather than affecting the vinculin-␣E-catenin interaction.
The expression of the ␣EcatmutVincGFP mutant in DLD-1-R2/7 cells did not rescue strong cell adhesion strength at 4 min of contact; the values are not statistically different from the SF obtained for cells expressing GFP alone (p Ͼ 0.05, two-tailed). However, the difference is significant when compared with the SF produced for cells expressing ␣EcatGFP (Fig. 4C) .
We next checked if the expression of ␣EcatGFP, ␣EcatmutVincGFP, or aa1-510 ␣Ecat in DLD-1-R2/7 cells affected the endogenous levels of ␤-catenin, vinculin, and p120 (Fig. 4D) , calculating the levels of these three proteins in lysates of DLD-1-R2/7 cells expressing the respective mutants compared with cells expressing ␣EcatGFP (set as 100%; see "Experimental Procedures"). We found that DLD-1-R2/7 cells expressing ␣EcatmutVincGFP mutant exhibited that same content (100%) of ␤-catenin and 110% of p120 as compared with cells expressing ␣EcatGFP. Similarly, DLD-1-R2/7 cells expressing aa1-510 ␣EcatGFP mutant exhibited 110% of ␤-catenin and p120 contents. Vinculin levels were increased by 2.0-and 2.1-fold in DLD-1-R2/7 cells expressing ␣EcatmutVincGFP or aa1-510 ␣EcatGFP mutant, respectively, as compared with ␣EcatGFP-expressing cells. Taken together, our results suggest that the defect in adhesion strength measured for cells expressing the ␣EcatmutVincGFP mutant arises from a perturbation of the ␣E-catenin interaction with vinculin at cell-cell contacts.
The Depletion of ␣E-catenin and Vinculin in Cells Exhibiting Classical E-cadherin-mediated Adhesion Reduces Adhesion
Strength-To ensure that these results were not cell line-specific, we analyzed ␣E-catenin and vinculin depletion in Ecad cells, an S180-derived cell line expressing ␤-catenin, ␣-catenin, p120ctn, and E-cadherin. These cells have previously been shown to exhibit a classical cadherin-based adhesion strengthening over time (6) .
When treated with ctnna1 (␣E-catenin) siRNA, Ecad cells displayed a strong decrease in the level of ␣E-catenin (Fig. 5A ) but expressed significant levels of E-cadherin at their surface (Fig. 5B) . Western blot analyses with antibodies directed against E-cadherin, ␤-catenin, ␣-catenin, and p120ctn were used to quantify the levels of these proteins in ctnna1 siRNA-treated Ecad cells. Protein levels in Ctrl siRNA-treated cells were set at 100%. ctnna1 siRNA-treated Ecad cells expressed very low levels of ␣E-catenin (3%) but similar levels of E-cadherin and ␤-catenin (87 and 97%, respectively), as observed previously (51) . The levels of p120ctn were slightly reduced to about 69% of the control levels. Treatment with ctnaa2 (␣N-catenin) siRNA did not affect ␣-catenin levels or E-cadherin levels (data not shown), indicating that ␣E-catenin is the major form of ␣-catenin expressed in Ecad cells. The depletion of ␣E-catenin induced a 4-fold reduction in the mean SF at 4 min compared with Ctrl siRNA-treated Ecad cell doublets (p Ͻ 0.001, two-tailed).
The treatment of Ecad cells with Vcl siRNA produced a 66% decrease in the total vinculin levels as compared with Ctrl siRNA-treated cells (Fig. 5C ). E-cadherin total levels and its expression at the cell surface were unchanged (103% of the Ctrl protein level; Fig. 5, C and D) . Vcl siRNA-treated cells exhibited 80, 79, and 93% expression levels of ␤-catenin, p120ctn, and ␣E-catenin, respectively, as compared with Ctrl siRNA-treated cells. Vcl siRNA-treated Ecad cells exhibited a 3-fold decrease in SF at 4 min compared with Ctrl siRNA-treated cells (Fig. 5E) ; this argues for the involvement of vinculin in the development of cadherin-based adhesion strength. Taken together, these results show that both ␣E-catenin and vinculin are required for reinforcement of cadherin-mediated adhesions in cells exhibiting classical cadherin-based adhesion.
To further determine if the recently proposed conformationdependent interaction between the two molecules was involved in this process, we expressed in cells the aa491-660 ␣EcatGFP mutant (Fig. 1B) , which has been proposed to mask the vinculin-binding site required for myosin II-dependent vinculin recruitment at AJs (12, 26) . When we expressed aa491-660 ␣EcatGFP in Ecad cells, we observed a reduced vinculin staining at cell-cell contacts (Fig. 6A ), but focal adhesions were still visible. Co-immunoprecipitation experiments revealed that this mutant was able to interact with WT ␣E-catenin (data not shown). It was found mostly located in the cytoplasm. The plot profile of fluorescence intensity for vinculin staining along a line perpendicular to the cell-cell contact (Fig. 6B ) revealed more a higher intensity staining intensity in the cytoplasm and a reduced intensity at the site of cell-cell contact when cells expressed aa491-660 ␣EcatGFP mutant as compared with GFP-expressing cells. The ratio of intensity quantified at the contact site was significantly reduced by 28% in cells (n ϭ 16) expressing the modulation domain (n ϭ 16) compared with GFP-expressing cells (n ϭ 15) (p value Ͻ 0.001). This reduction in vinculin recruitment at cell-cell contacts coincided with a 36% decrease in the SF at 4 min measured for aa491-660 ␣EcatGFP-expressing Ecad cells, as compared with Ctrl-transfected cells, with 36.1 Ϯ 6.2 and 56.8 Ϯ 9.2 nanonewtons measured (p Ͻ 0.05, two-tailed), respectively. This suggests that the modulation domain of ␣E-catenin interferes with normal cell-cell adhesion strength, probably by perturbing the binding of vinculin to endogenous ␣E-catenin. Western blot analysis revealed that Ecad cells expressing the ␣E-catenin modulation domain exhibited 90 Ϯ 10% of the vinculin content (Fig. 6C ) and exhibited 130 Ϯ 20% of ␤-catenin content and 135% of p120 content as compared with cells expressing GFP alone.
Taken together, our results using the DLD-1-R2/7 and Ecad cells suggest that the defect in adhesion strength measured for cells expressing the modulation domain of ␣E-catenin or the ␣EcatmutVincGFP mutant arises both from a perturbation of the ␣E-catenin interaction with vinculin at cell-cell contacts and from perturbations to the cadherin-actin coupling through an altered ␣E-catenin conformation.
Vinculin and ␣18 Epitope Staining Are Increased at Cell-Cell Contacts in Stretched Doublets-It has been postulated that internal mechanical strain induces ␣E-catenin conformational switching and vinculin recruitment, a mechanism required for force-dependent AJ maturation (4, 12) . We analyzed whether the ␣18 epitope and vinculin immunostaining at cell-cell contacts were enhanced upon external force application. To do this, we deposited cell doublets expressing E-cadherin (Ecad cell doublets) on a deformable polylysine-coated silicon for 20 min and subjected the doublets to a 20% unidirectional stretching for 2 min (Fig. 7, A and B) . Non-stretched Ecad cell doublets exhibited vinculin recruitment but a faint staining for ␣18 epitope at cell-cell contacts (Fig. 7C) . We calculated the ratios of staining intensity for vinculin/Ecad and ␣18/Ecad at cell-cell contacts for non-stretched doublets (n ϭ 11) (Fig. 7D) . The quantification performed on stretched doublets (n ϭ 16) revealed a significant increase in both of these ratios. Thus, upon stretching, more ␣18 epitope-specific ␣E-catenin is found at cell-cell contacts, correlating with an increased recruitment of vinculin at these sites. This finding is in agreement with the hypothesis of a force-dependent change in ␣E-catenin conformation that promotes vinculin recruitment and the subsequent strengthening of the mechanical link between cadherins and the actin cytoskeleton.
DISCUSSION
Connections between cadherins and the actin cytoskeleton are crucial for the development and maintenance of adherens junctions. Numerous studies have analyzed the molecular basis of these connections, and recent work has uncovered that, contrary to previous beliefs, cadherins do not interact with actin filaments merely via the tripartite cadherin tail⅐␤-catenin⅐␣-catenin complex. Binding to F-actin requires additional partners, such as vinculin (4, 12) and eplin (18, 19) . These proteins are recruited at mature AJs and have also been implicated in the maturation process, although their role in the development of cell-cell contact strength has not been demonstrated.
In this study, we used the dual pipette assay and cell stretching to analyze the roles of ␣-catenin and vinculin in the development of intercellular adhesion force in two different cell lines (Table 2 ). The DLD-1R2/7 cells do not express ␣-catenin but possess the other components of the cadherin adhesion complex. By comparison, the Ecad cells exhibit a typical E-cadherinbased adhesion and have been well studied using the dual pipette assay (6, 8) . If we take into consideration (a) the dual function of vinculin at cell-cell and cell-matrix adhesion sites (30); (b) the role of vinculin in mechanotransduction at focal adhesion sites; and (c) the additional role of ␣E-catenin in cell migration independently of cadherins (52) , it is important to probe the requirement for vinculin and ␣E-catenin in cadherinbased adhesion strengthening in a context where cells are not engaged in focal adhesions. Moreover, focal adhesion contributes to increased cellular tension (53) and stimulates cadherinbased adhesions (47) .
␣E-catenin-depleted cells form aggregates in suspension and cell-cell contacts in doublets. However, using SF measurements, we show here that the absence of ␣-catenin dramatically affects the initial and time-dependent strength of cadherinbased adhesions. ␣E-catenin-depleted cell doublets exhibit an SF of a few nanonewtons, similar to those forces measured for cells expressing truncated cadherins (lacking the cytoplasmic domain) or in cells with impaired actin polymerization (6) . The SF of the Ecad cell doublets was also substantially reduced following ␣-catenin depletion, indicating that ␣-catenin is required to produce strong adhesion strength. Interestingly, the rescue obtained with ␣E-catenin re-expression in ␣E-catenin-depleted cells is similar to that obtained with chimeric cadherin⅐␣-catenin proteins, where the cytoplasmic domain of E-cadherin was replaced with either the fulllength ␣E-catenin (␣EcatGFP) or the VH2-VH3 domain of ␣E-catenin (E␣MC) without the dimerization site. These results indicate that the observed rescue is not due to the influence of the soluble form of ␣-catenin on actin dynamics (22) , at least in the 30 min following cell-cell contact initiation, but rather to a direct effect of ␣-catenin on cadherin adhesion complexes.
These chimeric proteins, as well as the full-length ␣-catenin, can recruit partners, such as formin (54) or eplin (17) , to nucleate or anchor actin at the contact site. The aa1-510 ␣EcatGFP mutant carrying the formin binding site was unable to rescue , and ␣-catenin ␣18 conformational epitope (cyan) localization on Ecad cell doublets deposited on polylysine-coated silicon substrates and exposed (bottom panel) or not (top panel) to 2 min of stretching before fixation. D, mean ratios between ␣18 and E-cadherin intensity or vinculin and E-cadherin intensity were measured at the cell contact area of non-stretched (white bars; n ϭ 11) and stretched (black bars; n ϭ 16) doublets. Error bars, S.D. for non-stretched versus stretched doublets. ***, p value Ͻ 0.0001 (two-tailed). Scale bar and double arrow in C represent 10 m and the orientation of the stretch, respectively.
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the adhesion strength defect in 4 and 10 min in DLD-1R2/7 cell doublets, suggesting that formin does not play a major role in the early development of cadherin-based adhesion in these cells. Taguchi et al. (18) showed that eplin was absent from immature peripheral AJs in the parental DLD1 cell line, but it was recruited and required for the formation of mature AJs. Chervin-Pétinot et al. (19) recently reported the role of eplin in bridging the VE-cadherin⅐␣-catenin complex to the actin cytoskeleton in a manner that is independent of actomyosin contractility and its role in promoting vinculin recruitment at mature AJs in endothelial cells. Accordingly, our observations indicate that the C-terminal domain of ␣E-catenin bearing the eplin binding site is required for the rescue of adhesion strength either by re-expression of soluble ␣E-catenin or the chimeric ␣E-catenin⅐cadherin in ␣E-catenin-depleted cell doublets. However, the same C-terminal domain of the protein has been also reported to possess an F-actin binding domain (10) . Our results do not allow a conclusion as to whether it is the binding to eplin or actin or both that determines cadherin adhesion strengthening.
The aa1-510 ␣EcatGFP mutant possesses binding sites for ␤-catenin, spectrin, ajuba, and ␣-actinin and can be recruited during cadherin-based adhesion and can promote cell-cell contact in DLD-1R2/7 cells. These results indicate that, although these partners play a role in ␣-catenin recruitment at cell junctions and contact initiation, they are not sufficient for adhesion strengthening. It has been proposed that ␣-catenin exists as an open or a closed conformation (55) . In its closed conformation, the central binding site for vinculin is masked by its interaction with the modulation domain. In the ␣E-catenin (aa1-510) mutant, this modulation domain is absent, thereby removing any restriction based on a conformational modulation on the vinculin-binding site to restore cadherin adhesion. Indeed, we observed strong staining for vinculin and the ␣18 epitope at intercellular contacts of DLD-1-R2/7 cells expressing this mutant. However, this was not enough to rescue high adhesion strength. By comparison, the slightly longer ␣-catenin (aa1-670) mutant was unable to restore cadherin adhesions, suggesting some hindrance in the central vinculin-binding site that renders the protein defective to initiate adhesion. We produced an ␣EcatmutVincGFP mutant carrying several mutations in the VH2a domain that did not affect the recruitment of vinculin, suggesting that this mutant may be rather impaired for VH2a-VH2b interaction. Interestingly, this mutant was unable to rescue the adhesion strength of ␣E-catenin-depleted cells, suggesting that the ␣E-catenin conformational change may be necessary for adhesion strengthening independent of vinculin binding.
The depletion of vinculin (56) or ␣E-catenin (57) alters AJs in MDCK cells. In endothelial cells, vinculin does not play a crucial role during the formation and maintenance of intercellular adhesion but contributes to junction remodeling (58) . Here, we show that the depletion of ␣E-catenin or vinculin in Ecad cells strongly decreases the SF measured at 4 min of contact, indicating that both ␣-catenin and vinculin are required for the development of cadherin-based adhesion strength. In addition, the expression of an ␣E-catenin fragment carrying the modulation domain alone reduces the SF by 2-fold, indicating that it can interfere with endogenous ␣-catenin mechanosensing activity. One hypothesis is that it associates with the full-length endogenous ␣-catenin, masking the vinculin-binding domain and thus preventing the recruitment of vinculin at adhesion sites. Taken together, our data show that the availability of the VH2 domain of ␣-catenin and its interaction with vinculin are necessary for the development of cadherin adhesion strength. This process possibly defines the basis of AJ mechanosensing. To support this premise, we observed vinculin and ␣-catenin ␣18 epitope staining at cell-cell contacts of DLD-1R2/7 cells transfected to express WT ␣E-catenin and at the intercellular contacts of cell doublets. Furthermore, we showed that the stretching of cell doublets induced a significant increase in this staining at cell-cell contacts. Overall, our results provide the first direct evidence to support the contribution of a force-dependent modulation of ␣-catenin conformation in the development of cadherin adhesion strength (Fig. 8) . Our results thus further unravel the cooperation between vinculin and ␣-catenin and highlight the requirement for the ␣-catenin C-terminal domain in the process of cadherin-based cell adhesion strengthening. 
